INTRODUCTION
The inspection of thousands of rniles of gas transrnission pipelines is a formidable problem. lnspection tools based on magnetic flux leakage (MFL) and uHrasonie phenomena have been developed, and continually evaluated with respect to defect detection and characterization accuracy. The concept of probability of detection (POD) offers a measure for quantifying the capabilities of nondestructive evaluation (NDE) systems in the presence of various sources of uncertainties.
ldeally in a nondestructive inspection, the measurement variable is thresholded using a unique, well-defmed threshold value to partition the test samples into "accept" or "reject" categories. However, in practice, various types of randomness such as measurement noise, surface roughness, material properties, flaw morphology, sensor and inspection hardware, etc., enter an NDE process which affects the acceptlreject decision capabilities of an NDE system. Different flaws of the same size produce different responses due to theses variabilities. Even repeated measurements from the same flaw results in a distribution of the signal amplitudes, resulting in a need for the probabilistic characterization of the inspection tools. Typical density functions of the signal amplitude for two different flaw sizes x 1 and x 2 are shown in Figure 1 , with the mean of flaw signal probability density function (pdf) increasing with flaw size. Due to these variabilities, capabilities of inspection tools are characterized in terms of the POD of a flaw. This paper describes a POD model for magnetostatic flux leakage "pig" used in pipeline inspection. A 3D finite element model (FEM) is used to obtain flaw signals. The FEM is used in a Monte Carlo simulation procedure [1] to generate a conditional pdf of flaw signal which is in turn used for calculating quantities such as the probability of detection, probability of false alarm (PFA) by appropriate integration of the density functions. The concept of POD can also be used for optirnizing the experimental parameters with respect to detectability of a critical flaw in nondestructive testing (NDT). 
MAGNETIC FLUX LEAKAGE METROD OF NDT FOR PIPELINE INSPECTION
Magnetic flux leakage (MFL) method of NDT [2] is the primary technique in natural gas transrnission pipeline inspection. The principle of the MFL method can be demonstrated by Figure 2 [3] , where the existence of a metal-loss defect causes some flux lines to "leak out" into the air due to local saturation of the flux density in the vicinity of the flaw [4] . A longitudinal cutaway view of a measurement device, called "inspection pig", is illustrated in Figure 3 [3] . where an array of flux sensitive sensors are mounted between the two magnetic poles to measure the leakage flux. As the pig moves along, the MFL signals are recorded and then processed to assess the pipeline integrity. The variabilities that affect magnetic flux leak:age signalsareprobe Iift-off, magnetization level, stress, residual magnetism and the magnetic history of the material. It has been observed that during in-line inspection, magnetization levels play an important role in detectability of critical flaws. This paper describes the use of a POD model determining for the optimal magnetization levels to maximize the detectability of flaws.
PROBABILITY OF DETECTION MODEL
Probability of detection model can be implemented by either experiment based or model based approaches, with the later being cost-effective and efficient. The overall model-based approach for computing POD is shown in Figure 4 . In model-based POD evaluation, the measurement model is perturbed by the variations in measurement parameters to generate the pdf of the flaw signal. Three dimensional FE analysis is used for developing a measurement model to predict flaw signals under varied test parameters, and is described briefly.
Finite Element Model for MFL Phenomenon
The 3D finite element (FE) model is derived by defining a scalar variable u, such that field intensity H= -\7 u. Figure 5 .
Model Based POD Modeling
Each simulation produces a measurement of magnetic leakage field value. The peak values obtained from these signals are then used to generate a farnily of curves for different defects at selected values of the concerned test parameters such as magnetization Ievel. The functional models are used with input perturbances to generate the output pdfs of the flaw signals. Figure 6 shows typical pdfs where p(y/x 0 ) and p(y/x 1 ) represent a pdf of no-flaw and a pdf of flaw l, respectively, and T is the discrimination threshold.
Signals whose magnitude exceeds the threshold, T, are interpreted as flaw signals and signals with peak amplitude below T are interpreted as no-flaw signals. The probability of detection (POD) is equal to the integral of the conditional density function of the flaw signal given by
Similarly, the probability of false alarm (PFA) is defined as PFA = .r; p(y I x 0 ) dy.
The degree of overlap between the flaw and no-flaw signal distributions is in general increases with decreasing flaw size, and the probability of detection of a critical flaw depends on the value ofT. Figure 6 . Definitions of probability of detection and probability of false alarm.
POD EVALUATION OF CRITICAL FLA WS
Vetco Pipeline Services, Incorporations identified three critical defects of interest in gas transmission pipeline. The probability of detection for these defects were evaluated using the model described earlier.
Geometrv of the Pipeline and the Defined Defects
The inner diameter of the pipeline is 24" and the wall thickness is 0.375". The three defined defects are identified in Figure 7 . Defect A is a 4:1 aspect ratio defect which is a circular defect machined using a ball end mill. The surface breaking diameter is roughly four times its depth, which is 20% of the wall thickness. Defect B is a circular defect with a depth of 40% of the nominal wall thickness and a surface breaking diameter of three times the wall thickness ( 1.125 ") . This defect has a flat bottom and is machined using a 0.375" radius and mill. Defect Cis roughly a 2" square with a radius on each comer of 0.375". The depth of this defect is 50% of the nominal wall thickness and the radius of the curvature is 0.375". The variations of the peak value of the flaw signals for various magnetization Ievels are shown in Figure 11 for Flaws A, B and C and the corresponding functional models are plotted in Figure 12 .
The transfer functions obtained from Figure 12 are ofthe form:
where the parameters for each flaw are listed in Table 1 .
POD and PF A Evaluations (8)
Assuming a normal distribution of the input pdfs for the magnetization Ievels, as indicated in Figure 4 , the output pdfs of the measurements can be obtained from the functional models. Figure 13 shows four typical distributions of the output measurements of the flaw signals at different magnetization Ievels.
The threshold was set to a Ievel such that the probability of false alarm is (i) 0 and (ii) It is clearly shown that in either case, the POD results indicate that the magnetization Ievels for the defined flaws play an important role in the inspectabilities of the defects. In order to obtain the highest PODs, the magnetization Ievels for Flaw A should be set to 0.9 T . 
